Organophosphates such as parathion (O,O-diethyl O-pnitrophenylphosphorothioate) and methyl parathion (0,0-dimethyl 0-p-nitrophenylphosphorothioate) have been used extensively for the control of a wide range of insect species all over the world. Because these compounds are potent inhibitors of acetylcholinesterase and have 50% lethal dose values (in rats) of as low as 4 to 13 mg/kg of body weight (parathion) and 14 to 24 mg/kg of body weight (methyl parathion) (5) , their use has recently been restricted in the United States and in some other countries. Despite the rapid degradation of these insecticides in the soil, they can be potentially hazardous as a result of accidental spills, runoff from areas of application, and discharge from pesticide containers and waste.
In nature, microorganisms have been found to evolve degradative traits as a result of continuous or repeated exposure to xenobiotic chemicals such as organophosphates (4, 6, 7, 19, 21) . This behavior has resulted in enhanced microbial degradation of many chemicals and, thus, has caused a reduction in efficacy of several pesticides, including organophosphates (18) . This dual nature of the pesticide use problem, i.e., toxicity on the one hand and reduction in efficacy on the other, has attracted increased attention to the detoxification of pesticide wastes and mitigation of pollution caused by them or by the other similar organic compounds that are present in industrial wastes. It has also led to a need for a better understanding of the phenomenon of enhanced biodegradation as it influences the efficacy of pesticides.
Degradation of parathion by microorganisms has been investigated more extensively than degradation of its analog methyl parathion. Several 8523. (10, 15) or its major metabolites, such as p-nitrophenol and diethylthiophosphoric acid (10, 22) , as a sole source of carbon. These organisms have been isolated from soil, sewage, and aquatic environments which were previously exposed to parathion. Except for a mixed culture (17) , the ability of isolated parathion-degrading microorganisms to catabolize methyl parathion or other similar compounds is not well known. Furthermore, in no report has the nature and degradation potential of pesticide-degrading microorganisms in soils exposed to methyl parathion been described, with the exception of a report (10) of a Bacillus subtilis strain that degraded both fenitrothion and methyl parathion. If soil microbial populations have evolved the ability to degrade compounds to which they have been exposed in the past (4, 6, 7, 19, 21) , they may be able to or may be adapted to degrade similar compounds as well. This aspect of the potential of naturally evolved microorganisms is not well understood.
In this report, we describe the isolation of mixed bacterial cultures, using the enrichment culture technique, from soils that were previously treated with methyl parathion. The organisms in these mixed cultures were Soil samples were collected from methyl parathion-treated farmlands. To isolate the mixed culture, a 10-g soil sample was suspended in 30 ml of minimal medium containing 5 mg of methyl parathion in a 250-ml flask and incubated at 28°C on a shaker for a period of several days to several weeks. The incubation flask was left on a bench top for a few minutes to allow the soil particles to settle. The suspension, which contained the microorganisms, was then used to inoculate a fresh 20 ml of minimal medium supplemented with methyl parathion. After several similar transfers during which the substrate concentration was gradually raised to 1 mg/ml, an increase in turbidity of the medium was reproducibly noticed with the depletion of methyl parathion. Since methyl parathion is relatively insoluble in water (55 to 60 mg/liter), the disappearance of solid crystals of methyl parathion from the bottom of the culture flasks (with a simultaneous increase in the optical density) was taken as an initial indication of degradation of the pesticide. In addition, during cell growth and at the end of the incubation period, the culture samples were withdrawn and centrifuged to remove the cells. The supernatant was then extracted with hexane or chloroform-ethyl ether (1:1). This extract was used to determine the remaining amount of pesticide in the culture medium, as described below. The cultures were transferred into fresh minimal medium, which contained methyl parathion as the sole carbon source. For each transfer, control flasks were similar except that they were not inoculated with the cells. A culture which consistently degraded the pesticide under sterile conditions in several subsequent transfers was maintained in autoclaved liquid minimal medium containing methyl parathion and was called a mixed culture. The ability of the isolated mixed cultures to degrade methyl parathion was routinely checked visually for the disappearance of methyl parathion crystals from the culture medium and was subsequently confirmed by spectrophotometric and gas chromatographic analyses.
A gram-negative bacterium was isolated from one of the mixed cultures by selective enrichment with p-nitrophenol, a metabolite of methyl parathion. Another bacterium that was also gram negative was found to hydrolyze methyl parathion. Both of these organisms were aerobic, motile, oxidase-positive rods. Further biochemical tests were performed: growth in Simmons citrate agar slant, carbohydrate fermentation, gelation liquefaction, and starch hydrolysis. Subsequently, each isolate was screened with the API 20E test kit (Analytab Products, Plainview, N.Y.); and the pnitrophenol-degrading and methyl parathion-hydrolyzing bacteria were tentatively identified as a Flavobacterium sp. and a Pseudomonas sp., respectively, based on the classification scheme outlined in Bergey's Manual of Systematic Bacteriology (9) . The first bacterium was grown and maintained in minimal medium, except that the nitrate salts were replaced by chloride salts and 0.2 mg of p-nitrophenol per ml was provided as the carbon source. The Pseudomonas sp., a methyl parathion-hydrolyzing bacterium, was grown in LB medium, which consisted of the following: tryptone (10 g; Difco Laboratories, Detroit, Mich.), yeast extract (5 g; Difco) , and NaCl (10 g in 1 liter of distilled water), with the pH adjusted to 7.0. Plates were prepared by adding 1.5% agar to the medium. Antibiotics and metal salts were supplemented to the autoclaved medium by using sterile stock solutions as needed. Pseudomonas diminuta and Escherichia coli, which harbored plasmid pWWM513, which contained an opd fragment from Flavobacterium sp. (kindly supplied by D. T. Gibson and J. S. Karns, respectively), were grown and maintained in LB medium, which was supplemented as required. Growth of the cells was determined by an increase in the optical density at 550 nm. All of the isolates and their cultures were routinely checked for purity by plating them on the respective media.
Isolation of DNA and hybridization. Total cellular and plasmid DNAs were isolated from the mixed culture and from isolated microorganisms by using previously published methods (2, 13 (11) by using bovine serum albumin as the standard. Parathion and methyl parathion residues in the medium were extracted with chloroform-ethyl ether (1:1) or hexane, evaporated to dryness, and dissolved in methanol. The samples were then spotted on thin-layer chromatographic sheets (Eastman Kodak Co., Rochester, N.Y.) and developed, and the amounts of residues present were determined as described by Siddaramappa et al. (22) . Alternately, the samples were hydrolyzed with 2.5 N NaOH, and the resulting product, p-nitrophenol, was determined as described above. The production of nitrite during the catabolism of p-nitrophenol was determined colorimetrically by using sulfanilamide and N-1-naphthylethylenediamine dihydrochloride (1). The gas chromatographic analyses of the samples were performed as follows. A total of 500 RI of aqueous medium was extracted by mixing 1.0 ml of n-hexane; cell pellets were extracted in 1.0-ml portions on n-hexane. The extracts were then ana-VOL. 54, 1988 289 lyzed by capillary chromatography with electron capture detection. The injection port and detector temperatures were 150 and 320°C, respectively. A 30-m capillary column (DB 1301) was held at 160°C for 6 min and then programmed at 10°.C/min until it reached 260°C. The column had an inside diameter of 0.32 mm and had a film thickness of 25 ,um. Argon-methane (95:5) gas flows were as follows: septum flow, 2 ml/min; split vent flow, 11 mL/min; column flow, 1.5 ml/min; total detector flow, 30 ml/min. The retention times for p-nitrophenol and methyl parathion were 11.46 and 14.07 min, respectively. The unknowns were identified and quantified by comparing them with the standards.
RESULTS
Isolation of mixed cultures and microorganisms. Three mixed cultures were obtained from soils collected from different locations in Florida. These methyl parathion-degrading mixed cultures were isolated by use of the enrichment procedure described above. One of the cultures lost the ability to degrade methyl parathion after several transfers in minimal medium containing methyl parathion. The other two were capable of utilizing not only methyl parathion but also parathion ( Fig. 1 ) and p-nitrophenol as a sole source of carbon ( Fig. 1 and 2 ), even after several transfers. The mixed culture grew by utilizing methyl parathion and parathion, as was evident from the increase in the optical density at 550 nm (Fig. 1) ; and the simultaneous loss of methyl parathion from the culture was observed (Fig. 2A) . When the mixed culture was grown in minimal medium with p-nitrophenol as the only carbon source, the yellow color of the medium (caused by p-nitrophenol) disappeared (Fig. 2B) . These cultures were used to isolate the microorganisms. Results of the gas chromatographic analyses of the culture media also Disappearance of methyl parathion in the presence of the mixed culture. Samples were withdrawn from the culture and centrifuged, and the supernatant was treated with 2.5 N NaOH. The absorption spectra ofp-nitrophenol that resulted from the hydrolysis of methyl parathion by NaOH were recorded. The curves are defined as follows: a, control not treated with NaOH (control spectra taken before and after the incubation were similar); b, control (diluted sixfold with H20 after hydrolysis with NaOH); c to f, samples taken at 0 h (c), 1 h (d), 2 h (e), and 4 h (f) after the disappearance of the methyl parathion crystals from the growing culture. The reference cuvette contained the minimal medium, which was treated in the same manner as the sample. (B) Disappearance of p-nitrophenol from the mixed culture. Samples were withdrawn from the culture and centrifuged, and the absorption spectra of the supernatant were recorded. The curves are defined as follows: a, 12.5 ,ug of p-nitrophenol per ml in minimal medium; b to e, culture samples taken at 0 h (b), 6 h (c), 12 h (d), and 18 h (e) after inoculation. The reference cuvette contained the minimal medium.
confirmed the loss of methyl parathion and p-nitrophenol (Table 1) .
During the first screening, six isolates were found to hydrolyze or utilize methyl parathion or p-nitrophenol as a sole source of carbon. However, all the methyl parathionutilizing bacteria lost the ability to decompose the pesticide in transfers subsequent to their initial isolation. Such loss of the ability to degrade parathion by isolated organisms has been reported in the past (16) . In another instance (22) , however, isolates with a stable capability of degrading this pesticide have been found. One of the six isolates remained stable in its ability to hydrolyze methyl parathion but did not utilize the pesticide for growth. Another was capable of utilizing p-nitrophenol for growth. When grown in LB medium, the whole cells (data not shown) as well as the crude cell extracts (Table 2 ) of the methyl parathion-hydrolyzing isolate degraded the pesticide. The hydrolyzing enzyme(s) appeared to be constitutive, and neither methyl parathion nor parathion increased enzyme activity when they were incorporated into the growth medium (50 mg/liter). The methyl parathion-hydrolyzing bacterium was found to be a motile, oxidase-positive, aerobic rod that belonged to the genus Pseudomonas. It grew optimally at pH 7.0 to 7.5 in LB or minimal medium in the presence of glucose as a carbon source. Its growth was poor in both of these media, however. Recently, it has been found that the addition of molybdenum and biotin accelerates its growth in each of the media (data not shown). This bacterium produced no pigment, and the optimum temperature for its growth was 28°C, but it also grew at 37°C. The p-nitrophenol-degrading isolate was also a motile, oxidase-positive, catalase-positive, aerobic organism. It grew optimally at pH 7.0 and a temperature of 28°C and it produced yellow pigments. This bacterium did not grow at 37°C. It was tentatively identified as a Flavobacterium sp. When the Flavobacterium sp. was incubated with p-nitrophenol, the yellow color of the medium disappeared with a simultaneous increase in optical density (Fig. 3) . p-Nitrophenol was catabolized, as was evident from the decrease in the optical density at 410 nm (Fig. 3) . The spectral features of the Flavobacterium sp. culture medium between 350 and 450 nm were similar to those observed for the mixed culture medium (Fig. 2B) . No metabolite was detected in the medium, as judged by thin-layer chromatography. The only by-product of p-nitrophenol released into the medium by the organism was nitrite, which was recovered in stoichiometric quantities (Fig. 3) . When the nitrogen source was excluded from the minimal medium, recovery of nitrite was reduced. This suggests that nitrite was assimilated into the cells. The organism effectively degraded pnitrophenol up to a concentration of 200 ,ug/ml, but higher concentrations required long lag periods for bacterial growth. Enzymatic hydrolysis. The crude cell extracts from the Pseudomonas sp. hydrolyzed both methyl parathion and parathion (Table 2) . Enzyme activity leading to the hydro- lysis of methyl parathion was greater than that leading to the hydrolysis of parathion. The crude enzyme preparations had a broad pH profile, and maximum activity was observed at pH 7.5 to 9.5. Enzyme activity was increased with an increase in the temperature, with maximum activity occurring at 35 to 40°C (Fig. 4) . Enzyme activity was not affected by heavy metals (i.e., Cd2", Co2+, Cu2+, Mn2+, Mg2+, or Zn2+; as the sulfate or chloride salts) for a tested concentration of 250 ,uM. Likewise, EDTA and NaN3 (1 and 5 mM, respectively) had no effect.
DNA hybridization. A labeled probe was prepared by using the cloned opd gene from Flavobacterium sp. (21) (14, 20) has been shown to be encoded by the large plasmids which these bacteria harbor. Whether the methyl parathion-hydrolyzing gene in Pseudomonas sp. is also carried on the plasmid or is chromosome borne is being investigated. The opd probe hybridized with the total nucleic acid isolated from the mixed culture which contained the methyl parathion-hydrolyzing Pseudomonas sp. (Fig. 5) . These results suggest that such probes can be used to determine the presence of pesticide-degrading microorganism(s) in a given microbial population.
DISCUSSION
The results of this study indicate that mixed cultures are more stable in retaining their ability to completely degrade methyl parathion than are isolated bacteria.
Four isolates that were originally capable of utilizing methyl parathion as a sole source of carbon did not grow on methyl parathion or on any other tested organophosphate, if it was used as the only carbon source, in transfers subsequent to the initial isolation. Similar observations have been recorded for bacteria that were isolated for their ability to degrade parathion (16) . Since many degradative traits for the metabolism of xenobiotic compounds have been shown to be carried on the plasmids (4, 6, 7, 19, 21) , the ability of the host organisms to degrade target xenobiotic compounds may depend upon the stability of the degradative plasmids or their genes. In the case of methyl parathion-degrading bacteria, their degradative traits and plasmids may not be stable. It is also possible that the expression of the methyl parathion degradation genes [particularly for the initial step(s)] may require inducer molecules that may be produced by another microorganism of the mixed culture. This suggestion is supported by the observation that the transfer of the gene opd gene into a p-nitrophenol-degrading bacterium, Pseudomonas sp. strain 24, enabled the bacterium to hydrolyze parathion but not to utilize it as a sole carbon source (20) . Hence, it appears that genes other than opd are also involved in the initial step(s) of parathion degradation or are required to enable the bacteria to utilize the pesticide as a sole source of carbon. However, bacteria that are capable of degrading parathion completely have been obtained (22) .
The enzymatic properties for the hydrolysis of methyl parathion by Pseudomonas sp. appear to be similar to those of bacteria isolated previously for their ability to hydrolyze parathion (21) . It remains to be determined, however, whether this bacterium also harbors a degradative plasmid that is similar to those in the other bacteria (20, 21) . The hybridization results from this study (Fig. 5) suggest that Pseudomonas sp. has sequences that are homologous to those of the opd gene of P. diminuta and Flavobacterium sp. (14, 20) . They also demonstrate the ability of specific DNA probes to determine the potential of unknown soil samples and their associated microorganisms for degrading target pesticides.
The loss of insecticidal efficacy of methyl parathion, as well as that of other pesticides in soils that receive repeated applications, has been reported (18) and implicated in the enhanced degradation of these compounds by soil microorganisms. There is no rapid method available to predict the degradation capacity (or potential) and, thus, to allow a predetermination of the persistence and efficacy of the target pesticide. Studies similar to those of DNA hybridization, as described above, may not only be helpful in providing a better understanding of the phenomenon of enhanced biodegradation but may also be used for predicting the biodegradability status of a soil sample. Such studies may ultimately help in improving the efficacy of pesticides as well as in the isolation of microorganisms that can be used for the mitigation of pollution caused by the use of pesticides.
